Maximum molar growth yields on oxygen and succinate (YE;inate) were not affected when carbon-limited Acinetobacter calcoaceticus NCIB 8250 was changed to oxygen limitation. +H+/O quotients for cells grown with succinate-or ammonium-limitation did not differ significantly from those obtained with oxygen-limited cells. The levels of cytochromes b and o remained constant at 0.13 and 0.05 nmol (mg protein)-' respectively in crude cell-free extracts of succinate-limited organisms grown at high (80 mmHg) or low (5-10 mmHg) dissolved oxygen tension respectively. Their levels increased in oxygen-limited conditions, when cytochrome a2 (d) was additionally synthesized and organisms exhibited increased resistance to cyanide inhibition of respiration. It is concluded that the respiratory efficiency of A. calcoaceticus NCIB 8250 is unaffected by oxygen concentration under the conditions studied. Theoretical calculations are presented for maximum molar growth yields on succinate and oxygen and these are compared with experimental values. Although the effective P/O ratio is only about unity, energy is probably conserved at two sites of oxidative phosphorylation and this is independent of the de novo synthesis of cytochrome a2 ( d ) under conditions of oxygen limitation. Possible reasons for the observed low molar growth yields are discussed.
INTRODUCTION
There are many reports in the literature about the effects of oxygen on the growth and physiology of facultative anaerobes (Wimpenny, 1969; Harrison, 1973 Harrison, , 1976 Keevil et al., 1977 Keevil et al., , 1979 Wales & Cartledge, 1980) . Similar studies with obligate aerobes, however, are sparse, and much of the published work has centred on the nitrogen-fixing genus Azotobacter (Dalton & Postgate, 1969; Nagai et al., 1969; Drozd & Postgate, 1970; Nishizawa et al., 1971) . Excess aeration causes a deletion of sites I and I1 of oxidative phosphorylation, and thereby a decrease in respiratory efficiency in Azotobacter vinelandii (Ackrell & Jones, 1971 a, b) . This phenomenon is manifested by very high respiratory rates when growing cells are exposed to high oxygen tensions, and is thought to be a mechanism to protect their oxygen-sensitive nitrogenase.
The possibility exists that non-nitrogen-fixing aerobes do not respire at greater rates, and therefore less efficiently, in highly aerated conditions, as they have no need to protect a nitrogenase enzyme. This study was designed to investigate the effect of varying oxygen tensions on the growth and respiration of the aerobe Acinetobacter calcoaceticus NCIB8250. It was undertaken as part of a survey of the response to oxygen concentration of non-nitrogen-fixing aerobes which display different patterns of carbohydrate metabolism, e.g. Pseudomonas aeruginosa (Mitchell & Dawes, 1982) , with intracellular and extracellular (periplasmic) pathways of glucose metabolism (Midgley & Dawes, 1973; Whiting et al., 1976a, b) , as compared with A. calcoaceticus, which does not significantly utilize glucose as a carbon source, t Present address: Microbial Resources Ltd, 10-12 Deacon Way, Scours Lane, Reading RG3 6AZ, UK.
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to complement our previous work with Azotobacter beijerinckii (Senior et al., 1972; Jackson & Dawes, 1976; Ward et al., 1977; Carter & Dawes, 1979) . Ensley et al. (1981) reported that the respiratory efficiency of A. calcouceticus HO1-N is independent of oxygen concentration and that the redox chain is divided into two equivalent sites of energy conservation. Our results support the conclusion that there are two sites of oxidative phosphorylation and that they are independent of the aeration conditions employed.
METHODS
Organism. Acinetobacter calcouceticus NCIB 8250 was supplied by Professor C. A. Fewson (Department of Biochemistry, Glasgow University, UK). Stock cultures were maintained at 4 "C in Oxoid cooked meat medium and sub-cultured at six-monthly intervals.
Growth in the chemostat. The organism was grown at 30 "C in a Porton-type chemostat (Herbert et al., 1965 ) with a 2-15 litre working volume. The growth medium consisted of (g 1-l): KH2P04, 4-0; (NH,)2S04, 2.0; MgS0,. 7H20,0.4; sodium succinate . 6 H 2 0 as carbon source, 13.5 ; trace metals solution (Beggs & Fewson, 1977) , 2 ml. In conditions of adequate aeration this medium was carbon-limiting and yielded 1-8 mg organism dry wt ml-I. The complete medium was prepared and sterilized by passage through a Sartorius membrane filter (142 mm) with a pore size of 0.2 pm. A Sartorius pad pre-filter was also used (127 mm). Media for the growth of chemostat inocula were sterilized at 105 kPa and 121 "C for 15 min. MgSO, solutions were sterilized separately and appropriate amounts added aseptically; trace metals were not included for inoculum production.
Measurement of cell density and growth rates. Growth rates were calculated from semilogarithmic plots of ODsoo (measured in a Pye-Unicam SP600 spectrophotometer) versus time, determined during the period of batch growth following inoculation of the chemostat. Dry weights of cells were determined directly by centrifuging a known volume of culture at 16000g for 10 min on a Sorvall RC2B centrifuge. The pellet was washed once in distilled water, then resuspended in a small volume of distilled water and dried at 80 "C, in a pre-weighed, dry glass vial, to constant weight.
Measurement and control of dissolved oxygen tension (d.0.t.). A galvanic probe was used for d.0.t. measurements. The probe was calibrated before each experiment by equilibrating sterile medium, at 30 "C, with known mixtures of oxygen and oxygen-free nitrogen. The partial pressure of oxygen in the liquid phase (TL) was taken to be in equilibrium with that in the gas phase (T,) and was calculated as follows:
where P = atmospheric pressure (mmHg), Pb = back pressure in the culture vessel (mmHg), C = percentage of O2 in the gas phase, and SVP = saturated vapour pressure of water at calibration temperature.
Where control of d.0.t. was required this was effected by means of a Leeds and Northrup series 60 controller using a three-action CAT control unit. An electro-pneumatic transducer was operated by compressed air at 70 kPa, and fed its output signal to a control valve through which pure oxygen was passed.
Measurement qfgases. The oxygen and carbon dioxide content of gases flowing into and out of the chemostat, and the gas flow rates, were measured as described by Senior et al. (1972) .
Analysis for residual nutrients. The concentration of succinate in sterile media and culture supernatants was measured by an adaptation of the method of Holdeman et al. (1977) . Methyl malonic acid was included as an internal standard. Methyl esters were detected with the flame ionization detector of a Pye Unicam series 104 gasliquid chromatograph. The methyl esters of succinate and methyl malonic acid were separated in a 1.9 m glass column, packed with 10% diethylene glycol succinate on 80/100 Supelcoport. Oxygen-free nitrogen was used as the carrier gas at a flow-rate of 20 ml min-I .
The concentration of ammonium ions in sterile media and culture supernatants was measured using the method of Chaney & Marbach (1962) .
Acetate present in culture supernatants was detected qualitatively by gas-liquid chromatography with a Pye Unicam series 104 chromatograph fitted with a flame ionization detector system. Samples (0.5 to 5 pl) of clarified, acidified supernatants were injected into a 1.9m glass column packed with Porapak QS. The carrier gas was oxygen-free nitrogen flowing at a rate of 50 ml min-I . The operational temperature was 210 "C. Quantitative measurements of acetate were obtained using the acetate kinase assay of Holz & Bergmeyer (1978) .
Determination of in situ metabolic quotients and molar growth yields. The in situ specific oxygen uptake rate, qo2, was measured using an adaptation of the method of Harrison & Loveless (1971) . The following equation was used : 40, = (CIF1/100 -C2F2/100) (~O / X U ) (P/76O) (273/T + 273) (1/22*4) where C, = percentage of O2 in the gas supply, C2 = percentage of O2 in the effluent gas, Fl = gas supply flowrate (ml min-'), F2 = effluent gas flow-rate (ml min-'), x = culture dry wt (g PI), and v = culture volume (1).
The specific rate of C 0 2 evolution, qco2, was measured in the same way, but with the omission from the equation of terms relating to the gas supply. Molar growth yields on oxygen and carbon dioxide, Yo2 and YCO, Oxygen and growth of A . calcoaceticus 857 respectively, were calculated from the general equation Y = D/q, where D = dilution rate (h-l) and q = specific utilization/evolution rate (mol g-' h-l).
The molar growth yield on succinate, Ysuccinatc, was calculated as Ysuccinate = x/(s, -s), where x is given, s, = inflowing succinate concentration (M) and s = outflowing succinate concentration (M). The specific succinate utilization rate, qSUCClnate (mmol g-I h-l), was calculated from qsuecinate = D/Ysuccinate x lo3.
Maximum molar growth yields on oxygen, carbon dioxide and succinate were determined by plotting metabolic quotients, q, measured at different growth rates, p, against p. Linear plots were obtained which obeyed the general equation q = p/Ymax + m. Slopes and intercepts, determined by linear regression analysis, of these plots gave reciprocal maximum molar growth yields (1 / Ymax), and maintenance coefficients (m) respectively. +H+/O quotients. Respiration-driven proton translocation was measured essentially as described by Mitchell & Moyle (1 967) . Suspensions of whole cells were prepared from either carbon (succinate>limited, ammoniumlimited or oxygen-limited cultures by washing them twice in 150 m~-KC1/3 mM-glycylglycine buffer (pH 7-0). Cell suspensions were added to a lightly buffered anaerobic KCl/KSCN solution in the reaction chamber, to a final concentration of 1 to 4 mg dry wt ml-I. Volumes (30-100~1) of air-saturated 150 mM-KCI were added to the cell suspension and acidification of the external medium due to respiration-driven proton extrusion was quantified by reference to known concentrations of 5 mM-HCl in 150 mM-KCl. +H+/O quotients, which were measured in the presence of 50 to ~~O~M -K S C N , were calculated from decay curves which were extrapolated to zero time. Cytochrome spectra. Crude cell-free extracts were prepared for cytochrome determinations by sedimenting steady-state cells at 4 "C and 16000g for 10 min on a Sorvall RC2B centrifuge. The cells were washed twice in 0.2 hi-sodium/potassium phosphate buffer at pH 7.4, and broken by one passage through a pre-cooled French pressure cell (Milner et al., 1950) . Cell debris and unbroken cells were removed by centrifuging at 27000g for 20 min; extracts were held on ice stored at 4 "C for not more than 24 h.
Difference spectra of reduced minus oxidized, and reduced-plus-carbon monoxide minus reduced cytochromes were recorded by scanning appropriately treated samples between 390 and 700 nm in the turbid sample position of a Pye Unicam SP 1800 recording spectrophotometer. Cytochromes were oxidized either with air or by the addition of solid potassium ferricyanide. Reduction of cytochromes was effected either by the addition of solid sodium dithionite or by the addition of 100 pl 10 mM-NADH. Cytochrome levels were quantified using the wavelength pairs and absorption coefficients reported by Asperger et al. (1978) .
Determination ofcyanide inhibition of respiration. Oxygen uptake was determined on washed cells suspended to a concentration of 15 to 20 mg ml-I in ice-cold growth medium minus succinate, trace metals and magnesium sulphate and adjusted to pH 7.2 with 5 M-NaOH (minimal medium buffer). A Clark-type electrode mounted into the base of a jacketed polycarbonate reaction vessel (Rank Ltd) was used to measure respiratory rates and this was calibrated by the method of Robinson & Cooper (1970) . Respiratory rates in the presence of 5 to 700p~-KCN were determined by adding the required volume of 34 mM-KCN (prepared daily in minimal medium buffer, and held on ice) to buffer in the reaction vessel (volume 3.4 ml). Endogenous respiratory rates were followed for 4 min after adding cells to give a bacterial concentration of 0.3 to 0.4 mg ml-I in the vessel. Respiration was then stimulated by the addition of succinate to a concentration of 29-4 mM. Oxygen-uptake rates were calculated from the initial linear portion of a trace recorded on a linear flat-bed recorder (Servoscribe). Uninhibited succinatestimulated respiratory rates were taken as the 100% level and these were determined periodically throughout each experiment, to detect any cell instability and to assess the effects of exposure to cyanide on the electrode performance. Total oxygen uptake rates stimulated by succinate were calculated without correction for endogenous respiratory activity.
Theoretical calculations of maximum molar growth yields. Theoretical values of e:Ginate and q y were calculated (Table 2 ) by the method of Stouthamer (1979) . The empirical formula for a mole of A. calcoaceticus NCIB 8250 was derived from elemental analyses on succinate-limited cells (Fewson, 1985) .
RESULTS
Experimental molar growth yields and maintenance coeficients
Maximum molar growth yields on oxygen (ri;,"") and succinate ( r$!inate) were determined on continuously cultured organisms with succinate as carbon source. Specific utilization rates of the two substrates, 40, and qsuccinate respectively, were determined at different growth rates, and linear plots of q versus p obtained (Figs 1 and 2) such that the reciprocal of the slope gave Ymax and the intercept provided m, the maintenance coefficient (Pirt, 1975) . The values of @? 5-10 mmHg d.0.t. (Table 1 ). In contrast, msuccinate increased about threefold to 1.5 mmol g-l h-l when cells were oxygen limited (Table l) , but there was no corresponding increase in mg,.
Carbon dioxide evolution for maintenance purposes increased about twofold to 4.04 mmol g-' h-l in oxygen-limited cultures. The consumption of l.18Hz is included in the equation where 'Hz' indicates the requirement for reducing equivalents in the formation of biomass. By putting czinate equal to x, and on the assumption that the complete dissimilation of 1 mol succinate yields 5 mol NADH2, 2 mol FADHz and 1 mol ATP, equations for the amount of succinate assimilated and dissimilated, and the reducing power available for oxidation, are derived : succinate assimilated = x/100, succinate dissimilated = 1 -(x/IOO); NADHz required for assimilation = 1.18x/100; reducing equivalents available for oxidation = 5 -(5x/100) -(1.18~/100) = (5 -6-18x/100) NADH2, and 2 -(2x/100) FADHz. Total ATP gain from the utilization of 1 mol succinate is described by equations derived on the basis of one, two or three phosphorylation sites. Since x = YfSuanate = (Y#$). (total ATP per mol succinate), each equation is solved for x by substituting a theoretical value for =+$; in this case 15.4 g mol-I is used, which is the theoretical value for growth on malate (Stouthamer, 1979) . The calculated value for T$Einate is then divided by the total oxygen uptake to give the theoretical value for YB?. Theoretical molar growth yields An empirical formula of C4H6.64N0.8801.82Po.o7So.o5 derived from analyses of succinatelimited A. calcoaceticus NCIB 8250 (Fewson, 1985) was used to construct the following assimilation equation for growth with succinate and ammonia : C4H604 + 0.88NH3 + l.18H2 + C4H6.64N0.8801.82 + 2.18H20 Using this equation, Y%zinate and Q;" values of 43.9 and 25.8gmol-1 respectively were calculated (Table 2) on the assumption that there was only one site of oxidative phosphorylation. These values are very close to those derived experimentally. If it is assumed that there are two phosphorylation sites then the theoretical values of P$Einate and Q; x increase to 59.5 and 56.1 g mol-l, and for three sites they become 66-6 and 85.4 g mol-l respectively (Table 2) .
Cytochrome composition
Reduced minus oxidized difference spectra determined on crude cell-free extracts had absorption maxima at 560 and 530-532 nm, consistent with the a and p peaks of cytochrome b, under all the conditions studied (Fig. 3) . Also present in all extracts was cytochrome 0, characterized by a peak in the Soret region at 417-420 nm of reduced-plus-carbon monoxide minus reduced difference spectra (Fig. 3) . In extracts prepared from oxygen-limited cells an absorption maximum at 630 nm of reduced minus oxidized spectra was also present (Fig. 4) , and this is consistent with the presence of cytochrome a2 (d). The function of this last cytochrome as a terminal oxidase is indicated by the shift in absorption to 640 nm after treatment with carbon monoxide (Fig. 3) . This pattern of cytochrome synthesis is consistent with results published by Ensley & Finnerty (1980) -+H+/O quotients Measurements of +H+/O quotients for organisms grown with succinate-, ammonium-and oxygen-limitation and oxidizing endogenous substrates are recorded in Table 3 . Bacteria from all these conditions gave similar quotients with a value of approximately 5 .
Excretion of metabolic products
During oxygen-limited (but not during succinate-limited) growth there was a discrepancy between succinate utilization and the amounts of O2 consumed and CO, produced. This indicated incomplete oxidation of the non-assimilated carbon source and led to a search for extracellular carbon intermediates. Supernatants from steady-state cultures (D = 0.1 h-l ) contained 4.8 mmacetate [qacetate = 0-59 f 0.1 1 (SD, 9 determinations) mmol g-' h-l]. The formation of acetate largely accounted for the discrepancy in the stoichiometry of succinate utilization and explained why the ratio of mg, : msuccinate for 0,-limited cultures was about 1 : 1 whereas it was, as expected for complete oxidation, about 3-5 : 1 for carbon-limited cultures ( Table 1) . Acetate was not detected in succinate-limited cultures. 
DISCUSSION
The maximum molar growth yields obtained for oxygen and succinate were independent of the aeration conditions studied ( Table 2 ). The Qy values give a measure of respiratory efficiency because they are related to the P/O ratio by the equation yo","" = Q+$ (2P/O) (Stouthamer, 1979) . Measurements of respiratory efficiency in non-growing cells are provided by the +H+/O quotients, and the values obtained from cells grown under carbon and ammonium-limited conditions do not vary significantly from those obtained with oxygen-limited cells. It is concluded, therefore, that the respiratory efficiency of A. calcoaceticus NCIB 8250 is independent of the aeration conditions under which it is grown. This was also the conclusion of Ensley et al. (1981) with regard to A . calcoaceticus HOl-N. These authors detected the presence of cytochrome az(d) when their organism was grown in oxygen-limited conditions, and the cytochrome synthesis pattern of NCIB 8250 is consistent with these results (Table 4) . Thus, in spite of the synthesis of a redox carrier which has a marked effect on the respiratory efficiency of the nitrogen-fixing Azotobacter spp., A. calcoaceticus consumes energy with the same efficiency with or without detectable levels of cytochrome a,(&. Jones et al. (1977) noted that true molar growth yields of bacteria are not significantly altered by the major cytochrome oxidase moiety but are influenced by the presence or absence of a high-potential, membrane-bound cytochrome c; this is a redox carrier which has not been detected in Acinetobacter spp. (this paper; also Whittaker, 1971 ; Jones & King, 1972; Asperger et al., 1978; Ensley & Finnerty, 1980) .
If the stoichiometry of proton-driven ADP phosphorylation is 2 then +H+/O = 2P/O ratio. P/O ratios, calculated from the +H+/O quotients given in Table 3 (1975) concluded that proton-translocating loops 0 (transhydrogenase), 1 and 2 are active in A. lwofi 4B, although site 0 is thought to function in the direction of NADPH production in growing cells. Similarly Ensley et al. (1981) suggested that the redox chain of A. calcoaceticus HOl-N is divided into two equivalent sites of energy conservation.
Our growth yield data and +H+/O quotients are in good agreement with similar values reported in the literature, and it is difficult not to arrive at the same conclusions with regard to respiratory efficiency as those already published. However, it is worthwhile to consider that measurements of respiratory efficiency in bacteria using +H+/O values are predicated on the assumption that two protons are translocated at each site of oxidative phosphorylation. There is evidence to suggest that in mitochondria (Reynfarje & Lehninger, 1978) 
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denitriJicans (van Verseveld, 1979 ) the number translocated is 3 to 4. Ratcliffe et al. (1983) measured +H+/O ratios of 6 in Rhizobium Zegumirwsarum, which indicated a potential P/O ratio of 3, but low growth yields and rapid proton decay across the membrane led them to suggest that the actual P/O ratio was 1.
Determination of respiratory efficiency by measuring growth yields depends upon a knowledge of either P/O ratios or YTyp values, neither of' which can be determined directly in aerobes. If the mean +H+/O quotient of those shown in Table 3 , and the mean y?;,"x value from those shown in Table 1 are inserted into the yield equation = E.fb (2P/O), then YTvp becomes: 23.8 = flyp (4.95) and f l f $ = 4.8 g mol-l. This value is very low, particularly when compared with the 10.5 g mol-l originally thought to be a constant for all micro-organisms (Bauchop & Elsden, 1960) , or with the value of 15.4gmol-l calculated for cells growing on malate in a minimal salts medium (Stouthamer, 1979 (Stouthamer, 1979) . Such theoretical values are often twice those calculated using +H+/O data and may be an overestimate of the true value. If this is the case then the calculations of theoretical maximum yields on succinate and oxygen could indicate that there are two sites of oxidative phosphorylation rather than one. In considering this alternative the limitations of the proton pulsing method as a measure of respiratory efficiency should be taken into account, and the possibility that the potential P/O ratio in A . calcoaceticus is 2, but the actual or effective P/O ratio is 1, be considered as a viable proposition. This may be an explanation for the low growth yields although it would also imply that the +H+/P ratio is greater than 2, and there is no evidence presented here to support this suggestion.
Other explanations for the low yields could include excretion of metabolites. In succinatelimited cultures all the carbon was recovered as biomass or carbon dioxide, but in oxygenlimited growth 4.8 mM-acetate was detected in steady-state culture supernatants. However, excretion of acetate does not affect the respiratory efficiency since there is no variation in +H+/O or maximum growth yield when cells are changed from succinate-to oxygen-limited conditions. The metabolic slip reactions suggested by Neijssel & Tempest (1976) may also be a possible cause of low growth yields, although in energy-limited cultures it might be expected that catabolic and anabolic pathways would be tightly coupled. Acinetobacter spp., although metabolically very versatile, may, as Fewson (1985) suggests on the basis of low yields on a range of growth substrates in batch and continuous culture, be inefficient utilizers of energy. However, differences in yield data for growth on L-mandelate and phenylglyoxalate indicated that two sites of oxidative phosphorylation were present (Fewson, 1985) .
Thus there is a growing body of data which suggests that Acinetobacter spp. have two sites of oxidative phosphorylation but for reasons as yet unclear the biomass yield is low. Theoretically calculated yields on succinate and oxygen when compared with experimentally determined values indicate that the effective P/O ratio is one. 
